Introduction
European beech (Fagus sylvatica L.) is a widespread species of ecological and economic importance in Europe. Its geographical distribution is extensive; from 60°78′ in the north, to 37°78′ in the south. It has a high tolerance to shade and is able to thrive in a wide variety of soil types, topographical positions, and climatic conditions (Diekmann et al. 1999) . As a result of forest management practices in recent decades, there is a tendency for conifers to dominate in forests within the natural distribution area of the European beech (Moosmayer 2002) . In Poland, beech covers less than 4.2 % of the forested area. One of the aims of current forest management policy is to give priority to promoting both the natural regeneration and deliberate afforestation of deciduous trees (mainly oaks and beech) to increase the forested area. Natural regeneration of beech in Poland is rather scarce, because of its irregular distribution and an insufficient total area of mature beech stands. Hence, beech seedlings are grown for 2 to 3 years in forest nurseries in order to establish new stands more effectively. In Polish bare-root nurseries, beech seedlings constitute the third (after oaks and birch) most highly grown deciduous tree species (almost 140 million seedlings per year). A fundamental feature of forest nursery management is the production of first-rate Handling Editor: Ana Rincon Electronic supplementary material The online version of this article (doi:10.1007/s13595-012-0243-y) contains supplementary material, which is available to authorized users. planting stock of appropriate: plant height, diameter, shoot biomass, and root system quality. Most of these attributes are closely connected with the adequate development of ectomycorrhizas on the seedling roots (Dahlberg and Stenström 1991) . The role of diverse ectomycorrhizal (ECM) inoculum already developed in the nursery, also seems to be an important contributor to the survival potential of seedlings after outplanting to forest sites (Jones et al. 2003) . Ectomycorrhizal fungi facilitate nutrient and water supply to the plants, and enhance vitality, so that plants can better resist pests, pathogens, and climatic stress (Perry et al. 1987) . In common with most European temperate forest tree species, European beech is in natural condition obligatorily associated with ECM fungi (Meyer 1973) . The first description of beech-mycorrhizal symbiosis was presented by Frank (1885) . More detailed observations of the morphology and anatomy of beech mycorrhizas were provided by Harley (1959) . For several years, studies on the ECM communities of beech trees have focused on surveying old forest stands and natural regeneration areas, basing results on observations of fruiting bodies or superficial morphotyping (Dominik 1957; Dominik and Boullard 1961; Voiry 1981) . In recent years, the development in sampling techniques and methods of identification of ECM fungi, have resulted in a more comprehensive description of the characteristics of ECM beech morphotypes. Detailed descriptions of the morphology and anatomy of 23 fungal taxa was revealed by Agerer (1987 Agerer ( -2008 . PCR-based molecular methods and DNA sequencing have been used to identify mycorrhizal fungi for the last 20 years as a matter of routine, and have led to a greater understanding of the composition and structure of the ECM fungal communities of beech in mature forests (Buée et al. 2005; Grebenc and Kraigher 2007; Grebenc et al. 2009; Pena et al. 2010) , or on young trees in natural conditions or in pot experiments (Železnik et al. 2007; Druebert et al. 2009; Pritsch et al. 2009 ). These studies revealed remarkable below-ground ECM fungal taxa richness (16 to 89 taxa), depending on the beech age, and site or experimental conditions. However, apart from preliminary studies based only on morphotyping (Rudawska and Leski 2009) , no detailed information is available about the ECM fungal community structure of beech seedlings in the semi-artificial conditions of forest nurseries. To fill this important gap in our knowledge, we used molecular analysis to identify beech seedling symbionts, to quantify the ECM fungal richness, and to record differences in the relative abundance of individual taxa. We present our results in the context of our and other authors' recent works, describing the ECM fungal community structure of coniferous and deciduous tree species grown in the forest nurseries.
Materials and methods

Nurseries and sampling of seedlings
Four bare-root nurseries belonging to the forest districts in north-western 19 33′ E; 17 29′ E) , central (Piaski-PIA 51 58′ N, 17 01′ E) and south-western (Prudnik-PRU 50 27′ N, 17 46′ E) Poland were analyzed. The examined nurseries were situated in regions with a mean annual temperature ranging from 7.4 to 8.1°C, and a mean annual precipitation of between 510 and 605 mm, with the exception of the PRU nursery, which was located in a mountainous area where higher mean annual precipitation (800 mm) was noted. The chosen nurseries have been established on sites previously covered by mixed deciduous forests and constituted rather large areas; ranging in size from 3 to 8 ha, and separated into several compartments each with four to five standard nursery seedbeds. Beech seedlings were machine precisionseeded (approx. 250 seeds/m −2 of seedbed in 5 rows) and were fertilized in accordance with an individual schedule designed for each nursery to maintain adequate fertility in bare-root nursery soils, and to obtain high-quality planting stock (pre-sowing application: 15.0-30.0 N kg ha . From each nursery, five samples each comprising five beech seedlings, were collected using a systematic grid design with 20 m spacing. The samples were removed from the nursery together with the adjacent block (18×18×30 cm) of soil and transported to the laboratory in plastic bags. A total of 20 samples (100 seedlings) were analyzed. In the lab, soil and roots were separated. The root-free soil from each sample was thoroughly mixed and sieved (mesh 2 mm) for the determination of pH (H 2 O), and soil chemical analyzes.
The pH of the soil samples was determined by mixing 20 ml of soil with 40 ml of deionized water. After 1 h, the pH was measured with a calibrated pH meter equipped with a glass electrode. The total N and C contents were measured using the elemental combustion system CHNS-O (Constech Analytical Technologies Inc., Valencia, USA). The Mg, K, and P concentrations were measured by an ionic chromatograph Dionex 100, and a Varian BQ 20 atomic absorption spectrophotometer with a graphite cuvette.
Ectomycorrhizal assessment
The roots of each sample (five beech seedlings) were gently washed with tap water to remove soil and organic particles.
The huge number of mycorrhizas present on each sample (several thousand per seedling) made assessment of morphotype abundance by counting all of the mycorrhizas impractical. Therefore, the lateral roots were removed from the main root and cut into approximately 1-cm-long small parts and placed into a Petri dish filled with water. Those small parts were randomly chosen from Petri dish, and the numbers of all active root tips colonized by each morphotype were counted, yielding approximately 1,000 mycorrhizas. For obtaining 1,000 mycorrhizas, roughly 120-150 small parts of the lateral roots cut into pieces have been selected from each sample (five beech seedlings). Morphological typing of the ECM root tips was examined under a stereomicroscope at 10 to 60 times magnification. ECMs were separated into morphotypes based on macroscopic features (color of a mantle, type of ramification, and the presence of extramatrical hyphae, rhizomorphs, and cystidia) and referred to a database used in our Laboratory of Mycorrhizal Research, at the Institute of Dendrology (Iwański et al. 2006; Rudawska et al. 2006) . The root system fragments with the same mycorrhizal morphotypes were placed in Eppendorf tubes in a cetyltrimethyl ammonium bromide buffer and kept at room temperature until processing for DNA isolation and amplification.
Molecular identification
Total DNA was extracted from a single ectomycorrhizal root tip using a miniprep method developed by Gardes and Bruns (1996) . Three to six root tips per morphotype found in each nursery were analyzed. ECM fungi were identified by sequencing the PCR-amplified internal transcribed spacer of rDNA (ITS rDNA). DNA was amplified following the protocol of Henrion et al. (1994) and modified by Kårén et al. (1997) . The reagents of the PCR reaction and their final concentrations were as follows-20 mM Tris-HCl (pH8.4), 50 mM KCl, 2.5 mM MgCl 2 , 0.05 %W −1 (Qiagen), 200 mM ultra-pure dATP, dCTP, dGTP, and dTTP (Qiagen), 0.2 mM of the two primers (ITS1F: TTGGTCATTTAGAGGAAGTAA and ITS4: TCCTCCGCTTATTGATATGC) (IBB PAN, Poland), and 1.75 units Taq DNA polymerase (Qiagen). The following thermal profile was used: 94°C for 10 min, then 35 cycles of 40 s at 92°C, 40 s at 57°C and 80 s at 72°C, and a final extension of 72°C for 10 min. To optimize PCR amplification, 1:10, 1:20, 1:40, 1:60, and 1:100 dilutions of extracted DNA templates were tested. Amplified PCR products were checked on 1.5 % agarose gels with ethidium bromide under UV light. Those samples for which a definite PCR product was found were sequenced in forward and reverse directions with ITS1f and ITS4 primers, at the Laboratory of Molecular Biology of the Adam Mickiewicz University (Poznan). Using the BLASTn tool, obtained DNA sequences were aligned with sequences deposited in GenBank (http://www.ncbi.nlm.nih.gov) or UNITE (http://unite.ut.ee) databases. A positive identification of a mycorrhizal species was confirmed using the widely accepted ≥98 % sequence similarity of the ITS region sequence. Obtained sequences were also checked for the presence of chimeras using the PlutoF application (Nilsson et al. 2009 ). From each nursery, the best representative of each unique ITS sequence type was deposited in GenBank (JF419481-JF419516). To more detailed assign of "uncultured" and separate closely related taxa, phylogenetic test within lineages (separately for Asco-and Basidiomycota) has been performed, using MEGA 4 software (Tamura et al. 2007 ).
Data analysis
The diversity of the ectomycorrhizas was expressed as the number of recognized ECM taxa (taxa richness). The relative abundance of each morphotype (number of root tips of each morphotype/total number of mycorrhizas) was calculated separately for each sample. The taxa richness, Shannon diversity index, evenness, and Simpson dominance index were calculated using PAST 2.13 (Hammer et al. 2001) . To assess the sufficiency of the sampling effort, a taxa accumulation curve (Mao Tau), and estimators of true taxa richness (Jackknife1 and Chao2 richness estimator) were determined with the EstimateS program version 8.0 (Colwell 2006) , using 100 randomized runs without sample replacement. Sampling completeness was calculated as follows: observed taxa numbers divided by estimated taxa numbers (determined by Jackknife1 or Chao2) and presented as percentage. The similarity of the ECM fungal communities between nurseries was calculated using the Bray-Curtis (BC) index (Bray and Curtis 1957) based on the number of ECM root tips of each fungal taxon in each nursery. Bray-Curtis coefficients were used in the analysis of similarity (ANOSIM) (Clarke 1993) to determine whether the ECM fungal communities differed between the analyzed nurseries. Data were standardized and square root transformed prior to analysis. The advantages of the ANOSIM test are that it does not assume any underlying distribution to the data, and avoids using the BC index to directly compare sets of communities. Instead, it is a nonparametric test based only on the rank order of the matrix values. ANOSIM produces an Rstatistic that is an absolute measure of distance between groups. Large positive R values (up to 1) imply dissimilarity between groups. To visualize the BC values, non-metric multidimensional scaling (NMDS) was used. Both ANOSIM and NMDS were performed using PAST 2.13. The soil parameters of the different nurseries were compared by analysis of variance (ANOVA) with Tukey's test. Prior to the ANOVA analysis, the data were arcsine transformed. A Spearman rank correlation was used to show relationships between: taxa richness, diversity, evenness, dominance, and soil variables.
Results
Soil parameters
The measured soil parameters (N, P, K, Mg, and C) revealed a considerable variation between the tested nurseries ( Table 1 ). The C and N contents were significantly lower in the RUN and SUSZ nurseries (2.35 and 2.31 %, respectively, for C; 0.10 and 0.14 %, respectively, for N). The highest N content of 0.22 % was found in the PRU nursery. The highest potassium content was observed in PRU (15.66 %), and differed significantly from both the PIA and RUN nurseries. The P content was significantly lower in the PIA nursery (2.58 %). The lowest Mg content was noted in the RUN and SUSZ nurseries (5.15 and 3.60 %, respectively).
Mycorrhizal communities
Mycorrhizal colonization was nearly 100 % in all the tested beech samples. The morphological assessment of 18,842 root tips yielded 38 morphotypes. Molecular investigations revealed a total of 27 fungal taxa (Online Resources 1 and 2); of these, 7 were assigned to genera (Cadophora sp., Peziza sp., Tuber sp. Based on the sequence phylogenetic analysis of ITS region, one ECM type was designated as an uncultured Pezizales, and the next two were designated as uncultured Ascomycota and Basidiomycota (data not shown) Phylogenetic analysis of ITS sequences has also shown intragenus diversity among sequences obtained from Tuber spp. and Tomentella spp. mycorrhizas originated from different nurseries, and thus allows the discrimination of T. maculatum, Tuber sp. 1 and Tuber sp. 2 among Tuber spp. mycorrhizas; and T. ellisii and Tomentella sp. 1. among mycorrhizas of Tomentella spp. (data not shown). Two morphotypes (F9, F51) could not be amplified, but on the basis of their unique morphological features, they were assigned as separate, unidentified taxa (see Online Resources 1).
The occurrence and the mean relative abundance of each fungal taxon in particular nurseries are shown in Table 2 . Only Tuber sp. 1 was noted in all nurseries. The relative abundance of this taxon ranged between 4.06 % in the RUN nursery, to 34.87 % in the SUSZ nursery. Other frequent taxa, present in three out of four nurseries, were Cadophora sp., C. geophilum agg., H. sacchariolens and L. tortilis. In two nurseries, N. salicis was detected. Among the three detected Sleroderma species (S. citrinum, S. leave, S. verrucosum) each one has been found in separate nursery. Depending on the nursery, different ECM fungal taxa dominated in the observed communities ( Table 2 ). The overall taxa richness of identified ECM fungal taxa for samples of beech seedlings was variable and ranged from 6 to 13 taxa, depending on the nursery (Tables 2 and 3) . A taxa curve (Sobs Mao Tau) revealed an asymptotic pattern in taxa number, with an increase in the number of samples of beech seedlings from each tested nursery (data not shown). The Jackknife1 and Chao2 estimators ( Table 3 ), revealed that observed ECM taxa richness range from 89.6 to 96.6 % of estimated richness, depending on the nursery. The highest mean taxa richness per sample of seedlings was observed in RUN (6.27) , and the lowest was in PIA (2.93). The evenness index and diversity were highest in RUN (0.88 and 1.58, respectively), and the highest taxa dominance index was noted in SUSZ (0.62). According to the ANOSIM analysis, ECM fungal communities differed significantly between nurseries (global R0 0.7741, p<0.0001). NMDS ordination of the four ECM fungal assemblages consistently separated the tested nurseries (Fig. 1) . The Spearman's rank correlation revealed that the Shannon diversity and Simpson dominance index were positively correlated with the level of K (R00.46 and R0 0.50, respectively, p≤0.05). Evenness was positively correlated with P content (R00.46, p≤0.05), but negatively correlated with soil pH (R0−0.59, p≤0.01).
Discussion
To our knowledge, this is the first detailed estimation of ECM diversity of F. sylvatica seedlings in bare-root nursery conditions. Our findings add to the evidence of a growing number of symbionts being able to colonize seedlings in nursery conditions, and emphasize the elucidation potential of molecular tools for detailed descriptions of ECM communities in different environments. Some of the identified fungi (Cenococcum, Tuber, Hebeloma, Laccaria) have been previously noted in forest nurseries as ECM symbionts of coniferous (Menkis et al. 2005; Rudawska et al. 2006; Leski et al. 2008; Menkis and Vasaitis 2011) or deciduous hosts (Leski et al. 2010 ), but some of them have been found for the first time in nursery conditions (Hydnotrya, Hymenogaster, Lactarius), or even as mycorrhizal partners of European beech (Naucoria, Geopora). For more details about the detected ECM fungi, see Online Resource 3. We discovered 27 taxa of ECM fungi on 2-year-old beech seedlings from four bare-root nurseries. The number of recognized taxa was richer than for conifers (Scots pine, Norway spruce, and European larch) and small-leaved lime (Menkis et al. 2005; Iwański et al. 2006; Rudawska et al. 2006; Leski et al. 2008; Timonen and Kauppinen 2008) , but comparable with pedunculate and sessile oak (Leski et al. 2010 ) grown in nursery conditions. Taxa richness in individual nurseries ranged from 6 to 13, and is a characteristic feature of each nursery rather than a methodological bias causing underestimation. This was confirmed by the taxa accumulation curve (data not presented) for each analyzed nursery, and the taxa estimators ( Table 3 ) that indicated that we had sampled sufficiently and observed taxa richness to truly reflect the real assemblage of ECM fungi being able to colonize beech seedlings in each nursery. Twenty-seven identified taxa belonged to either Ascomycota or Basidiomycota. The respective contributions of Asco-or Basidiomycota to communities of ECM fungi differed in terms of taxa composition, richness, and relative abundance, depending on the nursery. Of the 27 recognized fungal taxa, only 6 were found in more than one nursery. The occurrence of ECM fungi in nurseries with a frequency of only one agrees with the findings of studies carried out by Leski et al. (2010) on European oak seedlings, and supports our concept that each nursery had a unique structure of ECM assemblages. This is further confirmed by the ANO-SIM and NMDS analyzes that have clearly shown that ECM fungal communities differed significantly between the nurseries (Fig. 1) . We presume that the uniqueness of each bareroot nursery is a result of cultural practices (soil management, seedbed preparation, irrigation and fertilization, pest and weed control, root wrenching, transplanting, etc.) and environmental factors (age and locality of the nursery, tree species' composition of surrounding forests, local microclimate, crop rotation cycles, etc.). In our investigation, significant differences in soil C, N, P, K, and Mg content among the tested nurseries were noted (Table 1) , as a result of the individual fertility management of each nursery. Significant relationships between ecological indices and soil parameters (pH, P and K) were found, and are areas of research that warrant further work, but were beyond the scope of our study. ECM colonization patterns of an individual nursery can also be driven by differences in the propagule dispersal of each ECM fungus. In specific forest nursery conditions where seedlings grow beyond the mycorrhizal network of the mature trees, the initial source of mycorrhizal inoculum is mainly limited to the fungal spores. The dispersal mode of each fungal taxa is strongly dependent on the epigeous and hypogeous habit of fruiting body production. Epigeous fruiting taxa produce airborne spores, and can therefore disperse over far greater distances than hypogeous fruiting taxa, whose dispersal vectors are often small mammals with rather limited home ranges (Wolfe et al. 2009 ). In addition to the identification of the typical airborne-dispersing epigeous genera (Hebeloma, Laccaria, Scleroderma, Peziza), our findings detected at least a few hypogeous genera (Hydnotrya, Hymenogaster, Tuber). The fruiting bodies of the latter have not been observed in nursery beds and thus we may assume that the primary source of the inoculum for these genera being fungal spores from the surrounding forest, possibly spread to nurseries on animal feces. The dispersal of ECM inocula on the fecal pellets of small rodents has been detected at distances up to 35 m from trees where the fruiting bodies occurred ). ECM inoculum in forest nurseries may also originate from forest litter, which is occasionally used in nursery management practices as a source of organic matter and for improvement of the physical characteristics of the soil. Indeed, in our study, the highest ECM taxa richness has been observed in a nursery (PRU) where forest litter addition is practiced.
In conclusion, as noted for beech and other forest tree species (Menkis et al. 2005; Iwański et al. 2006; Rudawska et al. 2006; Leski et al. 2008 Leski et al. , 2010 Timonen and Kauppinen 2008) , ECM fungal communities in forest bare-root nurseries are fairly diverse and the level of colonization of seedlings is very high. We therefore agree with the opinion of Southworth et al. (2009) that artificial inoculation in general is not necessary in nursery practice. This is confirmed by the successful growth and development of nursery seedlings after outplanting (author's personal observation).
